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Over the period of this contract, the initial aims of t~is project were
to develop techniques for incubating intact rat lenses in vitro in order to
study :he development of cataracts when lenses are exposed to'1;and pulsed
microwave irradiation. We planned to (I) establish minimum cataractogenic EARs
for irradiation in vitro and (2) investigate the mechanisms of
cataractogenesis in such lenses.-

Initial studies (see final report June 1981 for DAID17-80G-9449) had
indicated a linear correlation between depth of cataractous globular
degeneration and temperature when the lens was exposed to a short period of
temperature elevation and postincubated for a period of 48 hr. This unexpected
linear relationship was found between 37 0C and 500 C; in addition, at L C and
500 C some very large globules were formed. Surprisingly, at a higher
temperature (60C) the lenses had normal opacity and acuity, apparently
because they had been fixed by the high temperature. D-a-tocopherol acetate
wher. added to lenses before incubation at 41 C. prevented most of the globular
degeneration observed at this temoerature.

in initial attempts to expose the lenses to microwaves, a system was
devised to rapidly circulate thermostatted coolant around the lens while it
was being irradiated. This system permitted experimental separation of heating
effects in the lens from effects due tc electromagnetic radiation, since there
was nc measureable temperature elevation in the lens with respect to the
surrounding medium even at highest microwave exposure levels tested.
Irra-iation was performed for two exposure times and at three SAR values.

The results of the irradiation indicated that the effect of the
- :nomagnetic radiation itself could be considered tc be equivalent to

.neae:~g, since at the highest dose rate and -70C. large globules were forn-ed,
whit>, would otherwise have been reported on!y at 7 0 C, equivalent to a
temoerature elevation of 10C . Pulsed irradiation at high SAR values appeared

-i n holes in the surface of ce'ls, consistent with the idea -hat
ther cacoustic expansion is causing mechanical damage to cell membranes. 1-1
estimate of amount of damage experienced as a result of total dose level of
microwaves was consistent with the idea that the amount of damage is roughly
proportional to the total dose delivered to the lens, and that a reciprocal
reIa --.Sn'hi. exists between dose rate and tine required tc cause a defined

globular degeneration. a---

,ore work under the contract ws one:-o pcr wa

------ of reciprcit,. w ic.- .as -:;-7cr 7 im ica: crn for ers-:nne wh _

.- rncally exposec tc E S & 5, S Eose 7u:erir.ct

fr -.. effects of acute e>:r e - -- :o:es Xnr se- 7-. rc's.i -::t.
7V . ;0 1-13 ',198r): ......... t eer .xcsu c n

5o e rate. Further studies have indiatea .-a .rCre of t-e variation n zert-
of ca .age could be explained .'t- a mote. r. nc the effects ci duratior. ant
SA-n .ere separated. Nevertheless. the recirrocai effects model may prcvide an
adecuate fit for practical purposes ant has the advantage of greater
siri:citv. For both models the usec . rraatio, produced 4.1 times the /
Se;t> cf damage caused by C*V irradiatirn. T-s difference is consistent -iC .

- Avail ad/or
Dist Special.

J, L



7re:icus CW-Pulsed compariscr. by !Iarha used ir. setting up the Czechoslovakian
saf:=t standard which sets different standards for pusled and CW irradiatic
(M'a r-. 1963).

The most recent work was done to compare the effects of varying pulse

para.eters likely to affect the pressure wave induced as a result of
Zherrzcelastic transduction. The operative pulse parameters to be studied were
'-e rulse peak power and pulse duration. Work was done to explore these

par am.ezers under the contract extension until April 30, 1986. This work
revealed significantly greater depth of damage at peak powers of 48 KW than

with 2.KW peak power. The nature of the damage response to increases in

avErage power and exposure time also was more pronounced. Deeper damage was
observed at lower powers and exposure times for 48 KW pulse peak powers.

A more detailed analysis of the 48 KW data revealed significant

increases in depth of damage associated with increased pulse duration,
increased average power absorption and increased exposure time.

I.
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A. :N:RODUCTION

Hicrowave cataractogenesis is generally considered to be a consequence

of :he average power absorbed in the ocular lens. It is often stated that

temperature elevation alone produces lens pathology (e.g., Cleary, 1980). In

fact. Kramar et al (1975) concluded that a retrolental temperature of 41 C is

a t.reshcid value for lenticular pathology (as determined by slit lamp
exanination) which may be associated with a SAR of ca 150 ri,!g for ca 10

..inu.tes of exposure. The results of Carpenter (1977) differed somewhat, since

equivalent retrolental thermal histories produced by treatments using, either

2ac >:"z, or direct conductive heating by a ring applied tc the sclera,
produced different lens pathology. Also incidence of lens pathology was
reduced from 5/6 to 1/16 respectively. Similarly rabbit retrolental
temperatures produced by restricting convective heat exchange via ear muffs
and/or hot air directed to the ears, along with comparably reduced microwave
dose,. reduced the probability of lens opacity from 5/6 in the pure microwave
case to 3/10 in the convection-restricted case. Carpenter concluded that
re:rclental temperature elevation is necessary but not sufficient to produce
cataracts.

Our results (Stewart-DeHaan et al. 1983) from in vitro exposures (where
precise temperature regulation was possible) differed from Carpenter in that
murine lens histopathology produced by heat was not produced by CW power at 1
GHz. The effects produced by CW power also persisted in the absence of net
temperature elevation when lens temperature was controlled by flow of coolant
over the lens.

The issue of the thermal origins of lens histopathology may be
considered from another direction. If heat is the only pertinent parameter,

modulation should have no effect so long as the absorbed average power,
temperature and duration are closely controlled. Pilot results reported in

1932' 'Stewart-DeHaan et al, 1980) suggested that pulsed irradiation optimized
tor thermoelastic expansion (TEE) produced lens histopachology which differed
in *cth qualitative and quantitative terms from that produced by CW
irradiation of the same average power. To the extent that these findings are
correct, the average heating produced by the field cannot be the sole operant

parameter.

Comparisons of pulsed and CW microwave irradiation have been performed
:-he past. Weiter (1975) measured :ens asccrbic acid (a biochemica.

precursor of lens opacification) in rats after 48 hours incucatior prior to
e>: osure to pulsed and CW fields of 15C m,,,Wcm power density at the site where
the ra: was later to be placed for exzosure. The frequency cf irradiation was

-- ~- ''z. the pulses were " "-- . ci 5C :t. seat_ ath.
;- -r and pulse power produced e. 7a.nt thar.es jn-ca Ze iZ-erence

:eects. Birenbaum et a. '9gt- st ed rse and C' :eos c: :ne sa

a'.--race power at 5.5 GHz in rabbt: >he --E s ictEw was C sec; the average
po-,'er was 1 watt and the PRE was -C -z. -he animais were exposed by a ccn.:ac:
az:icator consisting of a Stvcastz dielectric lens and transition in close
c=orsition to the conjunctive ant cornea. A different assay. by slit lamr

examination, failed to show any difference in threshold between CV and o.1sez
•ex;:sures (Carpenter, 1962' 1n these ex:erients Carpenter used 245C s' ant

-rademark, Emerson & Cummings. Inc. Canton, MA.



93T1 the pulsed 2exposures were a: a 57 duty factor and an average po-er
density of 140 mW/CW . Although the results were ambiguous, it has become
increasingly frequent to cite this study as failing to show effects. One
reor:t of lens pathology from pulsed exposures (Richardson, 1951) has neither
a CU ccmparison nor a suitable descrirtion of exposure conditions.

has been shown that pulsed fields can elicit elastic waves in
bicrrical target organs: the potential of ocular hazards (Neelakartaswam- and
R 1978, 1979) secondary to ohermoelastic expansion has been cited
as a new-. hazard mechanism, but no experimental evidence was presented.

ne comparison of the extent of effects from pulsed and CW irradiaticn
anc :e rcle of TEE as an additional mechanism for damage by pulsed microwave
irradiation is important not only because of the generally held view that
heaLing and associated temperature elevations are the only causative
mechanisms cf lens pathology. It also suggests the possibility of serious
.azards arising from high peak power microwave emitters with low duty factors.
in suzn situations the question arises if the hazard potential of the field is
ze:enzent only on average power of the field. or whether TEE-dependent effects
may result in added hazards not presently appreciated. Since prior work has
not fully addressed these issues in light of TEE theory we decided to perform
the fclowing experiments which determine effects of CW irradiation and to
compare these results with previously reported results and additional new
resu'ts for pulsed microwave irradiation at similar average powers.

in our previous (Stewart-DeHaan, ez al, 198a) report. it was shown that
the reciprocal model DEP = (POW X TIME) "  provided a good fit to the observed
depth of damage to the ocular lens caused by pulsed wave irradiation. Our 1985
annual report presented results of a similar analysis comparing pulsed to

nuous wave irradiation. In this report this data is repeated and models
ce,el~ped to incorporate results for both continous and pulsed waves, are
fur-her expanded to explore (i) effects of increasing peak pulse power an,

effects of changing pulse duration.

!.:TERIALS AND METHODS

After dissection, lenses of Sprague Dawley (Walter Reed strain) rats.
180-2C02 g average weight, with intact capsules, were either temporarily placed
n cshate-buffered saline in culture tubes cr 4imediatelv transferec to the
<x:.:-re cell described in a pre'vious tu:.ica:lon 'Stewarz-De-aan. i
Larsen. Jacobi, Ross, Sanwa!, Guo. Guc and Treviick. "E) (Fg n C
-he-. were bathed by circulating hohspate-uf fered sa inE d;r n
Ex- ...7 to microwave irradiati-r .--- :.. -.ave tuide a: i MHz

a!. 1980. 19E3). . er es . . . . -I . ... E ......
7= :s observed in rouh-.1y a -ezze .aeria:::e uAr . .

:ne wedge penetratint -c : -. 'zei, .e La ae ocurre:

-r~criv and anteriorly it was frnz 1r, a thir a Ver e nn i n Z a .e
-e and proceeding inward towards tre lens nuCe'!s.

Lenses were irradiated, fixed immediateiv, then processed and exari.ed
ei-t.er bv scanning electron micros:c-. as we rre'ousiw described 'Stewart-
.enaan et al, 1983) or b% ifght rzcrcscc.' thick rLastic sections ::
*lenses. embedded in glycol methacrwlate.



The average transmitted power was absorbed completely by the sample in
the tuned waveguide system. Specific absorption rates for this system were
measured previously without buffer circulating through the hoses connected to

permit circulation of saline. Repeating this measurement. with saline not
circulating but filling the hoses, using an microwavetransvarent Luxtron probe
to measure the temperature resulted in a decrease in SAR to approximately half
:-a: measured previously. With no saline in the hoses, the EAR values we
;reV'-cusv reported were confirmed. The actual EAR values (for saline) at :he
location of the lens in the irradiation cell, with corresponding average
transmitted powers, were: power (EAR) 2 1 (23 mWg) 6 W (69 mW/g), 20 W (231
mig), 65 V (750 mW/g). For comparison, those we previously reported (and
confirmed) were 2 W (40 mW/g), 6 W (120 mW/g), 20 W (400 mW/g) and 65 W (..3
Wig . The pertinent formula for calculation of the SAR, modified by Lin et al,
1978. from the original formula of Johnson and Guy (1972) (SAR (w/cc) = 4.18 c
T/t , to permit expression in W/g instead of W/cc, is SAR (y/kg = 4.18 c
T/t, where c is the specific heat of the sample in cal deg g, c is the
censity: in g/cc, 4.18 is a constant for unit conversion (I calorie = 4.18
joule s), and T is the temperature elevation in 0 C during the exposure duration
t inorjhe calculation we assumed the specific heat of water to be
0.998 cal deg g and the density 0.998 g/cc for saline. Experiments are in
progress to determine the actual values for heating.

Five separate conditions, at different times and average powers to
permit the same total energy to be delivered during 6, 20 or 60 minutes of
irradiation, at different EAR values, 11.5, 23. 69, 231 mv/g and 750 W/g, --ere
examined for both CW and pulsed microwave: 0.23 watt-min/g, 0.46 watt-min/g,
1.31 watt-min/g, 6.9 watt-min/g, and a maximum of 15 watt-min/g.

Microwave irradiation was delivered to the lens in the pulsed mode with
- 10 psec and 20 i.sec pulse width and 2' KW and 48 KV of peak

transmitted power. Repetition rates were varied to obtain the various average

I---rs

-or each lens in which damage could be observed, granular degeneration
occurred in a depressed ring in the zonular region and around the lens
equator, with the apex of the depression towards the lens nucleus (see
Results). The maximum depth of degeneration was measured at the deepest
penetracion of the damage. Measurement was made in the region 10-60 Lrn
i:-ecia:elv posterior to the centre cf the zcnular attachment tc the exterior
2- :.e Zapsule. The measurement was made from the inside cf the lens caps-le

Sthe assessed maximum depth of visible damage. The two determinaticns. "=ne
cn each side of the lens) were averaged (since the%. were usuallv cui:e

-'--'Lr and that average re;resete: a7 c*-erVa c r e analVsis. i

:he : temr ination was possi:e. -- ---- c one ":as se .
cnlv in three lenses. :e-:- e>:Te: culie: waves fcr

* .iticn. These values were use: :c :eterr.u- the a\'erate cfmaxmu :-tns
-: mae for the particular :cnd:: -rcser:. A' Ieter7:ni-atiocns were
pertormed blind using a numerical ccce a:-: tne code broken after the ana:'.'ses
were ccmziete.
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c -:.*'ST. I CAL ANALYSES

I initial Pulsed-CW Comparisons

analysis of the effects cf pulsed vs continuous wave irradiationc

: c1. ar lens was performed. The rurpcse of the analyses was to conpare :ne

--f granular degeneration (DEP) produced by continuous and pulsed wave
irra:aon at various dose rates (01W and lengths of exposure (TiME).

cne-wav analysis of variance (ANOVA) -as performed on the ccninucus
,'ave cata alone and the means for the 11 combi.nations of F02 X TIME coared
using :-e modified Tukey method in multirle comparisons (1953). Such an
aralvscs nas been reported previouslv on pulsed microwave irradiation

S:ewa't-De~iaan, 1985).

order to test reciprocit'c between duration of exposure and dose rate,
c-vera'.. two alternative models fit to continuous wave and pulsed data were

. D = b (POW X TIME) e1

b. -^

"2 EP= b (POW) '(ME) ,e2

,-e :irst model states that POW and TIME act in a reciprocal fashion to
determine the depth of damage and is referred to as the reciprocal effects

Model (2) allows for the possibility of separate effects of POW and
.. ... ough coefficients 1. and . both models e represents a random

Ilrisative disturbance.'Overa1. comparison of pulsed and CW effects was
l=z. ;z<ently performed. using these models, for both sets of data.

.he adequacy of model (I) was tested against the alternative expressed
(2). Since both models were log-linear this was done by fitting the

transformed models

&>EP =In b - h 1ipc.:,..,2 -

- - ,-::.e regression. c s a s . . . . . . . . .. .'Ere ---
:r~c-ted with mean zero a:; variar.e - rs=eCti'e.',.

nspection of the resjlts in scceste: :nat :he cept. of c&7.a E

bV the two radiaticr t',-,s :; rcz a L.:.caa:',' c:a..

-r.e reciprocal model



b
;3 il =b b (POW x T E) 2e

forms of these node.ls were:

". ' nC7P) =in b x in b b n(POW 2" - 1n e

- ' "nDF = in b .>: n - b, 1n(POW - b nn(IE In e

These -ce's were fit tc the ccnbined data usin2 mutiple linear regression.

A second one-way ANN\' was perfcrmed including data for pulsed and
continuous wave irradiation a: each of :0 POW x TIME combinations. The method
of contrasts was then used to conpare the two means at each combination of POW
X T::,I.

C. £ >cst Recent Pulsed-CW comparison

C. Comparison of 24 and LE KW Series at 10 s

-- (1) the comparison of 2L and 4S KW peak powers vas confounded with
--- tren: pulse widths (10 and 20 s). £n this analysis o: the new data from
* 7xK. series at 10 us was used so tnat the effects f chaning peak power

be examined. There was. ho-vever. atroter co-:.ica:icn in this

S" son being that the 2L and .,8 KW series were done ha fiferent

f ration of the apparatus with the result of different actual absorption
o pulse emitted (POW). Tc account fcr :hs i n zhe anaivs-s _he actuaI

power absorbed (NPOW = .437 x POW, for E was used as a covariate in
sis cf covariance (ANCOA). Thus the o:arscr cf and -8 IV mreans is a

-:srn of means ause for the d re:,anZ , In ab)sCoed irradiation.
S:-K this adjus en_ seo on :.z : z :Ve e - )e ,

of damage.

ais anai s s w as C7 Q D C. C .

7: l r , cca a nc d = .. .. ez a: ,' r 1 77 .. . . V 1- E _ -r -

" .n . 0 uS

.zan this ana!%sis Eas _i ar I on tanet I-. I snS ta t -or

c v to yield a more direct comoarsor s . :ce results :rom 3 o - - s
-^ v: ,ere:
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(1 F - (POW X TIME) "72  R .78

( 67 83 2
- (POW)* (TIME) "  R2  79

The %-'-7.es used for average power where the amounts actually absorbed (NPO.:)
to make the coefficients comoarable.

r. 'zevised Comparison of Previous and New 2L KW Results

-his analysis consisted of fitting the 12 observations from the new
seriEs to the separate and reciprocal effects models with POW replaced by
NPC":. :he coefficients of the resulting models were tested against those given
in the section above.

C. Three Factor ANOVA

Cbservations taken at 2. iC and 20 ,s pulse widths were combined in an
analvsis of variance (ANOVA) for the 4 x 3 x - (POW X TIME X PW) factorial
design. This analysis was also performed using the ANOVA subprogram in SPSS
(Version 9.0) (2). In this analysis the main effects of each factor were
assessed with the other two factors held constant. Similarly the two and
three-way interactions were assessed with all main effects and other
interactions of the same or lower order held constant. This means, for
example, that the test for the main effect of PW was based on the variation
attributable to that factor after the variation attributable to POW and TiD
had beer, accounted for.

ST.hree Factor Regression

'o regression models were fit to the complete set of observations taken

-f K. The first allowed for reciprocal effetts of PO'. and TIME with
:e effect of PW. The second provided for separate estimates of the Icg-

"nEar effects of these factors. The actual amount of irradiation absorbed
* ... '., was used to make the results comparable to previous models.

-T S"

-. Lens Damage Observed with Pulse- ant C. >icrowave

7 lenses fixec i -, eIa e". ae IFE e Z E e z eaz srve: as
-- :L 'y es: (1) holes w ti r -r ie c _- - ; i - h -= c f

a-r:achment in the ec-atcr:- ec:- eaet 7 S 7E

--r surface granulat-..:... a: - c , et-m.. ::,er:

-capsular regions '-a;nI v nii -a r aacnment an
ec ua ria region, (4) foa,. "ocatec imredia s ubcapsular% wizhin the same
rericn and (5) granulation ot fiber cells. w car extend cee' witnin tne
lens '- ewart-Dehaan., 1985). incubation cf the lens for a further 4F hr. as
:re',i:-sly reported (Stewart-eHaan e- X. -C. 1085) results in more ct'v.-us
d.maze as effects on cell 7em7rare integr t =e ex×ressed in ncre azvance:

•comaze: giobular degeneraticn ant fca-.
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Although some damage was seen in lenses fixed immediately after exposure
tc pulsed microwaves, the threshold at which damage was observed in 50% of the
lenses (TD ) varied depending on the type of damage (Table I). For lenses
exoosed to W waves, not all types of damage were seen; usually the TD
occurred at higher powers than the TE observed for pulsed microwaves5Table

15>

lxcept for the similar effects observed for both pulsed and CW
irrad iation after 60 minutes exposure to 2/2 ' (10 mW/g) average power, the
lowest power at which damage was observed occurred at lower average powers for
puseC irradiation than for C;-. Conversely, when compared only by ANOVA, for
the same average SAR (or power) x time combinations, the damage observed
fc-hI-,ing pulsed irradiation. was always greater than for CW, and at higher
average powers the damage was much more extensive. For instance, at 65 W, the
damage from pulsed irradiation was extensive: irregular, jagged areas of
granular degeneration intruded deep into the cortex, while the CW irradiation
on'y resulted in small areas of granular degeneration at the lens equator. A
ciagrammatic view of changes observed in the area of the lens equator after
ru'sed and CW irradiation different durations and SAR values is seen in Fig.

2- . :n figures 2 and 3. CW (Figure 2) and pulsed (Fig. 3) irradiation effects
are represented diagrammatically after exposure for the same lengths of time 6
min. 20 min and 60 min. in Figure 4, at the threshold value for the first
observable damage at the lens equator (for either pulsed or CW), this damage
may be compared to the amount of damage shown by CW or pulsed, respectively.
For 'nstance in Fig. 4c the lowest p, ised power level at which damage is

observed is compared to Fig. 4d, which illustrates the absence of any
com.parable damage after the same CW power level and time. The more extensive
damage caused by pulsed irradiation (Fig. 4e) at the CW threshold exposure
(Fi. 4f) (20 W. SAR 230 mW/g) is compared in Fig. 4 e and 4f. Finally the

ve depth of damage is compared for pulsed (Fig. Lg) and CW (Fig. 4h),
resuzing in a ratio of pulsed/CW damage of approximately 3.0 at the maxi.um

V SAR 750 mW/g'

7or irradiation at 2C ninutes, tne lowest power (Fig. 5c,) at which the
c':sez .irradiation caused discernable damage was '/2 U (SAR 518 mW/g). At this
averaze power, no damage was apparent in the CW-irradiated sample at the same
power. At the lowest CW power at which damage could be observed (2 V. SAR 23
m' (Fig. 5c) the pulsed irradiation caused significantly more damage (30 7

e 7 . e maximum damage. at 65;% (SAF 52 m Fig. Sc is observed tc be
- .atelv four times as tee: cr :u'-sec. as :or arec tc , rrai -----

7-'lgwins 6C 7i tes :rraz:a. -. . . e rC :T tn 7a, -E

r2 lsed:::. n t-. . - ,.
!: f lflgaithourn slcr.:, r:ra canac t::rrec :L r~i--------- 'tt

ation. A n a intermediate " e .e

-.rradiation caused 6anaoe x 7 r n . . as Sreat c e -
as -... ,.. irradiation at the same averace rewr_ E m v s ' 5 7 h e

. .. average power (65 U. 5C- m.'. the ratio cf cepth c:

a7a e for pulsed/CU irradiated sam:: as s .mate

Statistical evaluation cf thne :r w - rmed t- ea :ate e c:.
.n in Table 2. As in the srev,'ic r se c rraczatcn t -

a e tal, 19 8) . the continurus wa, n orcJce: inzreasin



-a.age with increasing dose rate and increasing time of exposure (Fig. ).
Pu'sed wave irradiation produced consistently greater depth of damage than did
con:inuous wave irradiation except at the 2 watt 6 minute combination. The
.seZ CU differences were subjected tc detailed comparison at 10 different
ccme'ha:ions of POW X TIME.

_2,:deis for Continuous ave irradiation

_:e estimated models (2)' and (2)' are shown in Table 3. The means for

the dan:a used arelgien in Table 2. The separate effects model, DEP =

C. ,'C7vUY (TIME) ' . accounted for 7C. of the c erved variation in DEP
wnie z:re reciprocal mode. DEP = .10(POW X T7ME)', accounted for 67 of this

ariation.. The F test shown in latie 4 showed that for the continuous wave
data :ne separate effects model explained significantly more of the observed
variation in DEP.

95, confidence intervals for the parameters estimated in models (I)
anC are given in Table 5.

. U'odels for the Combined Data for 2' KW. 10 sec pulses compared to Cz

The fitted equations for models (3)' and (4)' ar 7given in Table 6. The
separate effects model rEP = .09(4.66)x(POW)' (TIME)' , explained slightly
more of the variation in depth of damage than the reciprocal effects model,
DEF = .i(4.71)x(POW X TIME) . Table 7 shows that this small difference was
significant or the separate effects model explained significantly more of the
observed variation in depth. The means for the additional pulsed wave data

used in this analysis are given in Table 8.

he 95% confidence intervals for the parameters estimated in models (3)
anC are given in Table 9.

CU Compared to Pulsed Irradiation (2-. KW. IC ;sec pulses)

The thermogenesis of ocular lens histopathology remains an issue of
impcrtance in microwave biomedical research. Its importance derives from zwc
.a~t~r: -he need for improved bicphysical unrerstanding cf the mechanism f
-st:. :J3o.01ogic effects seconiarv ztlrowave extesure. ano the need tc
insure safety under conditions of exposure tc rich peak power microwave

ess sicns where the average power absorbed ma- not- fulv represent the hazard.

- esuits described ere . .. .

-. ---------- a: 918 mHz mod, at' - S e
-7-. more damage a: te sa- a77 ever-, c . a. C E z I

ex:-rto one (2 W SAR of 22 --- .. s3aratc eoeo-
mace.s explained significantly more cf e variaticn in. deth cc camaze. ;- c
recitrocal models may provide an adec ae fi: for practical purposes i-; the
acvan:age of greater simplicltv. This is nar:.,L.ar true in the case of -

:c7 :inec data where the actual difference in 77a% be of little eract.=a
.rpzr:ance but was significan: ecase --e -arge number cf obserVat1:ns

•:-rc:_cc a very powerful test.



7.e graphs of both models, showing their fit tc the 24 KW peak pulse
poker tata, are given in Figure 7 and 8. For both models 3 and 4 the pulses
irra,:azion produces t.7 x the depth of damage caused by the CW mode. Of t-he
sever " mechanisms by which such additional modulation-dependent damage cc*.d
occ-r. 'viz. thermoelastic expansion (TEE), electrostriction effects (ESE"
etc. :he most likely mechanism is TEE, resulting in pressure waves induced in
the a:=:s medium and lens tissue b\ thermoacousric expansion fCllowing ea:h

ouise cf microwave energy. The acoustic measurements previously performed and
repor:ed elsewhere (Guo, Guc and Larsen, 1984) are consistent with such a
.echanc.ins: pressure waves are induced by each pulse. These are capable of
ca*_:-nz the additional types cf physical damage previously noted for pulse:
r, i ,-aves - holes in cell membranes, large globules at higher power etc. rhis
ork : -is provides evidence for significantly increased damage as a result of

signa - dulation at the same average power and wavelength. The work of Marha
(19E_ ) or biological damage by CW and pulsed microwaves used to irradiate
who e rats supports the idea that high energy pulsed irradiation causes
si ~ntly more biological damage even at the same average power of

rr cn. Our findings confirm this in indicating approximately 4-5 times
Sear damage for pulsed wave irradiation as compared to CW irradiation.

h the irradiation pulses were ony 2 sec duration they would have been
able to cause a significant rhermoacoustic effect. For this reason we
cor:inued to compare pulses of different duration and peak powers.

S. KESL"LTS

* . Comcarison of 24 and 48 KW Series at 10 vsec

-ables 10 and 11 show the data used in this analysis. The results of
ANCCVA are given in Table 12. The absorbed irradiation (NPOW) had a
- - :canc positive correlation with depth of damage. When peak power means
were adjusted for the discrepancy in absorbed power the result was that 48 KW

> ... c ignificantly deeper damage (p .C2). Greater time of exposure also
oro:u:e significantly more damage (: = .001 . The significant PP X TIME
mci->rcnon indicated that the effect of peak power varied from one exposure

I ti.,e tc another. Since the adjusted means were not broken down by PP X TM" it
W's 110Z possible to comment on the nature of this variation.

F Reciorocal and Separate Effects of Exposure at 48 KW and 10 isec

77.* reciprocal and separate e m odes odtained from the

at 10 Psec were:

DEP = 8.5F ' "..V

DEP= 9 - - .

.e ther model showed as good an cverall fit to the 4-8 KW data as
to - - KW data in terms of the coefficient of determination (R:. -S f C h7

-az there was little to cho-se :atwee. the rec:rrooai and se:arat
7f : odels on these grounds '.f .5.3 . 5cth modEls contained =st"

a --- -------t ive constants with smaler C-. of POh and TIME. Tis w z
---- ---te reater depth of damate a: i.,-- r evels cf P. and TIME tha: ca-rec
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Cut -Cre cuickly than for the 24 KW results. This is illustrated ir. the darmage
by pcer profiles of Figure 9. However, these results must be interpreted ith
some caution due to the lack of observations for high levels of absorbed
irradiation in the 48 KW series.

The coefficients in these models were all statistically significant
<.C3:). showing a significant Icc-linear relationship of depth with PC or

,.1-o., x T ME).

* . } .evised Comparison cf Previous and New KW Results

ale 13 gives the data from the series run on the new apparatus at 24
'.-er this data was fit to the reciprocal and separate effects models w-th

avera~e power adjusted to reflect the amount cf irradiation actually absorbed
-he results were:

DEF =.V (8.17 X T!E) " X .8

DEP = 6.89 .R

These regression functions showed some evidence of change from the
original series (p = .06 and p = .11, respectively-

F. Analysis of the Complete 48 KW Data

F.a.i Three Factor ANOVA

Tables 14, 15 and 16 give the mean depth of damage at 48 KV for pulse
t of 2, 10, and 20 usec. broken down cv average power and time. The

s c- the three factor ANVA are summarized in Table I7 and illustrated
.__ es 10-12.

Depth of damage increased significantlv with increases ir each of the
:actors. Figure 10 shows that the damage profiles were no: parallel when

examined by POW and PW. This accounts for the significant PW X POW interaczion
(p = .001). Figure 11 shows the situation for PW Y -TMENB with the lack of
increase from 10 to 20 usec with a 6 rinte exposure time e a
" "- e for the signifi:ant intera:tion .. ave
para-e profiles of damage bv p wer an: tiMe in Fi;urs E e a e n aa c

a PC' X TIME interaction (p . . re n-: fi:ant three "a , tEra:con
:n:::ates that each two-wa- rrc:'e------------.* -----

--.e -=rt actor.

-.e Factor Fegress-- -.

7ne fcllowing results were z:-ainne rezress-: =%.- ,s- -

cescr-:ec irn Section .



35 C9
- DEP = 13.6 (POWv. X TIME' P) 4

35 37 0.~~
DEP = 12.2 (o< (T:M.E' (PW) F, .4.7

..e coefficients (expcren:s cf PC',-. T:'.-. or th'eir o~rocuct were
sigrnificant in both models (t% < .CC:) as were trhe ccnstart -%:'Itipliers

c< .-CC' The coefficient of PW was not sigrnif-ican:1v different from zero

C,. 1 in either model and th-is term could be dropped.

-r- proportion of variation explained (>was niot high for either
M-odel. :he value of R for the A!N7VA model discussed in Section F.4.1 was

considerablyN higher (.7'.. Th- is was due to the fact that the regression model
did no:: provide for interactions between all the factors. Such interactions
expla'__ried a significant ancourt of variation in ANOVA. This also accounts fcr

the fact:htr the effect of 771,as significant in ANOVA but not in these
par:icilar regression models.

F. 5 rior Work and Its Interpretatior.

Prior work has been interpreted to reach the conclusion that exposure to
pulsed CW irradiation of the same average power results :rn a sirrilar degree of
damage for biosystems. It has been felt that this danger is largel v. if not
solely, the result of average terroerature elevation (Cleary, 1osc). The
historical base on which this conclusion is reached can be interpreted
differently, especially in light of thernmoelastic expansion theory. E 'en so,

Carpenter (1966) remains skeptical that pulsed and CtW fields are equivalent,
but his data are not sufficently clear to reach a firm conclusion, In view of

- -.mechanism, Carprenter's pulse exposures were done at an
extra;crdinarilv low duty factor (50.) at, an average power density of 140

Thus. the pulse widt'h was much to: onq :c produt:e TEE efficiently.
ac crzinzc t ecuations develoed to cal.Cul ate ---.e t .nc mca - 'us : c t r 'nscuc: -or

SThe absence of SAPF data arc :h-e ccr;plng iris used for th'e X-b-anc

'ui5E- exposures make interpretation of this stud% difficult.

The work of Birenbaum et al (1969' is miore often oecas evidence fcr

the equivalance of pulse and CW effects. This experimrent was done with a
series off 100 rabbits exposed to pulsed 77.icrc-vaves arc 2 ext: set --c

1 7 - et al used a varia:-io c:c & ::nzaci 17: cat::_ SPC:

Carpenter (1968). The Birenb-au7 ap:i_.ca:or ccrnsis~eo' cf a SeCtIC7 Ci
7model "7" and rectangular guide (WRI 87 foIllcowe c z a t r an s i c tc

--cwith Stvcast 'eta.C= -: trc a::
'7-,s was floe .- C

* ~the StVcas 5~.. t 1E I. e

.e.sz.ere -into which the animal t t z -,,as 5-_:_r

c 7.e ra7%Capseudc, tear fuIr, .'l' ".:as :: _eI con -n: .ve ,cornea. xe
exposures were performed at a aver ag F oe E wCES i. aZZ a t t. "'o
freces were detected betweer puisEa 7, cx>os''ieE a 'ec same aver7ac

ucWr_-r Lsec pulses at a :C Su22EEZS t-at. trE zea-
Eanr , .a 5 m2 over aT. apertuLre C: Oe'rarK e-,.e::
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densx of about: 4 mJ cm 2. This should have been a sufficient energy densityv
and reasonably efficient pulse width for the frequency of operation to achieve

77-E. 'ezno differential effect was observed.

he reason that no differential effect was observed may have been a
ccnsEc:--ence of the applicator and the biological end points. Firstly, the
aprp:a-:or prevented normal e\apcrative cooling of the cornea. Secondl%-. th-e

apcl:cza:cr was likely :o be at an elev'ated temperature. Based on a tan d of-
in '=12 l dielectricC'.OCT -~ e' 12 he e" rwas 1.2 x 201 The SAR 5fthe Stycast3b7y -E estimated from EAR (0.556 X 20 )e" 2 E of (watts/cm ) which

vieldE-a:proximatelv 2.8 x 10- watt1c-. 3 The rvolume of the end piece was ca
-. -ant its density is 2.2 4 g/crmi. Given the relationship between SAR and

tepeatreelevation per unit time EAR =4.286 rocT/r (Johnson and Guy, 1972;

S- e-,ar:-DeHaan et al. . 1982) where P is the density in g/cc and c is thne
spet--fic heat and based on a specific heat in the order of unity, the
temperature rise would be ca !/8 0Csec. The exposure duration was 3 min which

wo -tve an end temperature of the front applicator surface (ignoring heat

~~n~erto the guide) of ca 200c. This added to Dase line temperature of 23
and al'--owing complete cooling between runs would place the applicator at ca
3 0C directly on the coniunctiva/cornea. This is a sufficient thermal insult

to dominate any other aspect of the exposure. In fact, there is ample evidence

cited in Birenbaum's results of acute anterior chamber effects in both the
pulse and CW groups. This includes 'acute, inflammicorv reactions of the

cornea. conjunctiva, iris and/or ciliary body were observed in many and
prob-a"bly produced in every exposed rabbit eye". These reactions were
'frecuently severe" and has -usually subsided by the fourth day".

Additional evidence of a primary anterior chamber effect due to corneal
heating and thermal diffusion to the lens is the observation that lens opacity

:-ally long in latency (2 to 3 weeks post exposure) and "was present in
the anterior portion of the lens". This is unusual with respect to the

--Carpenter (2977) observed absolutely no effects until after 24-48
a nd opacity after 3 to days. The anterior octoofhelens in" ry

unusual. The .1.5 GE: operating frequencv was not nigh enough to
ro-epreferential anterior chamber heating (Richardson 1951 and unpublished

cDse:.-ataons of LEL). The expected site of maximal int.ra-ocular temperature
elevati4on at 5.5 GHs is retrolental and the expected opacity would be
posterior subcapsular. This strongly suggests that Birenbaum' s results are

Dsto corneal heating via conzuction from a ho: applicator.

U'lsed fields have oeer. imnli;atec -n --.:ra5ZrUCtura: Car,-a~e to Cell
77e-.zrran7es and mitochondria w--tn.- ir. vizc exposurcE oc neurcblas:toma cells

i~ebber et al. 198, -.n Exou - - 7EE a: I. Z -SCC

z-and 220 n: :n. - --- -- *. - ;:r--- E S*~ -7

were obierx,- : a Z--------------------.: o
nor h ighe r --empE r a z-re

comparisons were mace tc effet ae ' :r aza:nE
e:f :e cf the heat bath treatment is in contrast ho he S a -u e of te

f~ec~:o ention was made of TEE. and t'ne v~s ictwo-desbria fr
i -t :re-uency of operation ant :arzetcer:: ::\ern;-cs .

--.cGe.



-.e mechanism not implicated in the con:rast of pulse with CW exposure
is Earl chain formation. This is an electrostatic effect which causes
orien:ation of dipole objects alcng force lines during a pulse. In between
puises. Erownian motion disorders the pearl chains. Sher et al (1970) clearly
ce~cns:rate that pearl chain fcrmation is nct a-gmented in pulsed fields even

tne peak values are higher tharn t-e ecuivalent power implied by sta:ic
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::._re 2. Diagram cf exposure apparatus showing the wave guide structure and
glass holder. For irradiation, the lens is iccatec a: :he bo:tom
of the central glass tube; buffer, purmped into this tube (shown
above the lens) circulates in a water jacket around this tube and
then passes out an outlet glass tube at one ccrner of -he jacket.
The square metal tube through which the tubes enter is a
waveguide. which provides in excess cf ICC d aztenua:in. -n
addition to the dimensions shown locating the lens, t-,e distance
of the lens from the side of the wave guide was 12.86 cr.. The lens
holder was located 1/4 guide wavelength from te aveguide
shorting :late placing the lerns holder in the maximum c: the
electric field. The vertical position of the lens holder was
adjusted sc that the lens was approximate'- a- the center of
waveguide where it may move about (shown by arrows) in the
circulating phosphate-buffered saline.

. . . . .. m m m m



Lens Holder in Waveguide
(Not to scale)
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ror e 2. Diagramnzatic representation of damage to rat Ilens otsr:-ec a: :er
exposure to continuous wave (CW) microw~aves --r vitro. -:-. ciazrar.-
show the types and extent of damrage observec: fcllowint
,ith OW r-nicrowaves for the tirnes and S4AR values indicatEd. ir-e
absence of anv additions to the circul:ar I-Ens cutlIine ncae
that no damage was observ'ed. The average suocapsui:a de7:r of
damage in r7is- -irdicated u:-nd'er each lens 71vn Te lateral
extension of visible damage in inm t-. he -:7, e L -e s Loars ular
area is snow,,n (where appropriat-e) at the rioh: side of' Eao:. 1r..
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:iagrmmt-c represen:a-1o. of damge -- ra:i e. clcs rved afrer
e-xpcsure to p-uised m~icrowcaves in viK-ro. The biazrars ,;sr-ra-,e
.h.e ty'pes and extent: -f daae o~bserved c~~ raiazi~:cn
mi:crow~av'es for :he tim-e an~d EAR valL.es -ndica:e irn :he table. The
atsence & anyv addizi zo the circo;>ar "en~s o-,u-inEo -- ndcales

chat nM damage w'as observ'ed. The average subazu a :h, of
damage in. n s indicazed UPmer E &C 5! 7e~ C.- e -~ea

c->:tcrsicr V vis:ie damage in.* W n 7 fT Aae sub -aps-u:a area
S SnC,:. 7E rE ap; roor Ia ZE at the r~gh! "ZOc of Each Ans.
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Figure 4. Average damage observed at the equatorial region of lenses

irradiated for 6 min. with Pu or CW microwave irradiaticn in vitro

as described in text. Depth of abnormal morphology holes,

spherical bodies, foam and granularity of lens cell surfaces are

compared for (a) sham-irradiation, (b) control fixed im.ediatey
after dissection without irradiation or sham-irradiation, Cc) Pu
radiation at 40 mW/g, lowest SAR at which abnormal morphology was

detected by SEM for Pu irradiation, compared to (d) CW-irradiacicn

also at 40 mW/g, note absence of abnormal morphciogy, (e) Pu
irradiation at 400 mVW/g compared to, (f) CW-irradiation at 400
mW/g, lowest SAR at which abnormal morphology was detected for CU,
(g) and (h) 1.3 W/g for (g) Pu and (h) CW to permit comparison of

extent of damage at highest SAR used for 6 min irradiation.

Figure 5. Average damage observed at the equatorial region of lenses
irradiated for 20 min. with Pu or CW irradiation in vitro as
described in text. Depth of abnormal morphology holes, spherical
bodies, foam and granularity of lens cell surfaces are compared
for (a) sham-irradiation, (b) control fixed immediately after
dissection without irradiation or sham-irradiation, (c) Pu
radiation at 20 mW/g, lowest SAR at which abnormal morphology was
detected by SEM for Pu irradiation for 20 min, (d) CW-irradiation
also at 20 mW/g for 20 min: note absence of abnormal morphology,
(e) Pu irradiation at 40 mW/g compared to, (f) CW-irradiation also
at 40 mW/g, lowest SAR at which abnormal morphology was detected,
(d) and (h) 1.3 W/g highest SAR used for (g) Pu and (h) CW to
permit comparison of extent of damage at highest SAR used for 20
min irradiation.

Figure u. Average extent of damage observed at the equatorial region of
lenses irradiated for 60 min. with Pu or CW irradiation in vitro
as described in text. Depth of abnormal morphology holes,
spherical bodies, foam and granularity of lens cell surfaces are
compared for (a) sham-irradiation, (b) contrcl fixed immediately
after dissection without irradiation or sham-frradiation, (c) Pu
radiation at 10 mW/g, lowest SAR at which abnormal morphology was
detected by SEX for Pu irradiation for 60 min. -Z' CV-irracia-:on

also at 10 mW/g 60 Mint:. ncte sligh t:ut _esser - exten;
abnormal morphology, (e, Pu irradiaton at-, 2...
intermediate SAR value t shou greater extent :- camage as compared
to (f) CW-irradiation also at 120 m g, g and h: ru irradia:ion
at SAR 1.3 W/g highest SAR used for (g) Pu and (h) CW irradiation
to permit comparison of extent of damage at highest SAR used for
60 min irradiation.
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Figure 7. Plot of compute r-generated curx'es Lsing the reciprocal aodel.
illustrating the experimentally observed points and the
statistically determined best-fit lines fcr th.e equation shcn in
model 1 (F. 3).
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.igur. S. Plot of cc puter-generated c-rve -sng t he separate effects
model, illustrating the experimentalyv observec pcins and the

statisticaliv determined best-fit lines for the ecuation shown in
model 2 (F. 3).
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Plo: of cornnuter-generatec c-,rveE fcr ren 7f t. a :: tae asa
"unction cf an average power or normaized pc;.,'e: va'-.Es, for
different peak pulse powers. as cu;t±:-ned in sec:-Cn F
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* Plot of computer-generated curves of mean depth of damage as a
function of average power or normalized power values, for
different pulse durations 2, 10 and 20 seconds, as outlined :
section F.4.1.
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TABSLE

Threshold of Damace (TD
(Scanningi Elecron '-. icrcscopy Only)

T~-e T~e Normal Foam Granulat--o Globular holes in. Caps.ular

Deverera- Fiber D a 7na c

6 ~s e d up to 6 W 6W 2 0W .
611

up to 20W 65W------
2 OW

-~ -Sed up to 0. 51" 21K 2z0W 21, 5 W
M i n 0.Sw

OW UP to 611 61%W 5 --W-

6 ,u ~sed up to C. 51. 6V, 201.

CW UP to 0. 5WV 6W 65W 65W -

0.5W (I sample)
---- -------------------------------------------------------------------



TABLE 2

Microwave Reciproc--ty Study (Depth of Damage) for CU irraciatic.

Coun~t 1W 2 W c-W 2 0 6 5 V

Std. Dev. 12 3 45 6

6-.n.0 0 0 c .7 50 14.4--E

o 0 4. 34
o 0 0 0 2.250 57.750
0 0 0 0 .661 4.175-

20 min. 0 0 .813 .0 17.250 0
C 0 4 4 40
0 0 3.250 46.000 69.000 0
0 0 .555 4.816 5.50

60 ~r..500 10.688 14.000 15c.625 0l 0

3 4 0 0
.50 42.750 28.00 e2.500 0 0

.500 2.839 4.243 2.610 0 0
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TABLE 3

Mo.-dels with Reciprocal and Separate Effects of Exposure Duration

(TIME) and Dose Rate (POW) for Continuous Waves.

ln(DEP) = -2.31 - .67 !n(POW TIE) R2

+SE ,.47 .10 .67

lin(DEP) = -7.26 - .82 In(POk') = 1.22 ln(TIME) .76
.SE -. 47 -. 09 -. 13



TABLE

Test of Reciprocal vs Separate Effects Models for

Continuous Waves

Model (1) Model (2)

of Variation df SS df SS

Recression 1 38.94 2 44.51

R eSda1 37 :9.26 36 13.69

F - (44.51 - 38.94)/l
13.69/36



TABLE 5

95%. Confidence Intervals for Parameters in Models (I) and (2)

",,odel Parameters Estimate Ccnfidence Interval

(i) b .10 .04 to .26
0

b, .67 .67 to 1.07

(2) b .04 .01 to .10o

.82 .64 tc 1.00

b, 1.22 .96 to 1.47

Note: A 95% confidence interval contains the true value of the estimated
parameter with probability .95.



TABLE 6

models with Reciprocal Eand separate Effects Of

Exposure Duration (Z)and 
Dose Rate (POW)

for Pulsed and Oont-n-A:cZ- Waves

-2 .-cjsrocal Effects

.04 r(EP~ 1.91 .78 1rA?0W X V.)for continuous

=.3r -8 n~C X T1~'for pulsed

c~ +05

effect of radiationl type: -.
5 , 1

b, 4. 7 (pulsed is 4.7lxCW)

2
R Separate Effects

*~5 n(DE) ~ 21.l .74 ln(PW) .97 lr,(I?') for continuous

-.7+.74 ln(pov;) +.97 in(TIME) for pulsed

-ffeo: of radiation type: ln(b. = 1.5 - .17

=o 4.
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TABLE 7

Test of Reciprocal vs; Separate Effects Models for

Combined Data for Continuous and Pulsed Waves

Model (3) Model (4)

SOUrce c. Variation dt SS dt SS

Recression 2 200.84 3 204.90

R9 ca02 39.61 91 35.56

F 204.90 - 200.84)/! 04 p 05
35.56/91 1.1 ( 05



TABLE 8 48

.:crowave Reciprocity Study (Depth of Damage for Pulsed Irradiation)

Count .5 W 1W 2 W 6 W 20 W 65 W
Sum
Std. Dev. 1 2 3 4 5 6

6 min. 0 0 .625 21.433 42.475 51.560
0 0 4 3 4 5
0 0 2.500 64.300 169.900 257.800
0 0 .750 4.704 1.394 6.140

20 mrn. 4.063 0 33.500 39.813 54.636 180.000
4 0 4 4 4 4
16.250 0 134.000 159.250 218.550 720.000
4.195 0 2.656 2.095 1.775 8.414

60 min. 0 17.750 41.620 51.112 185.625 203.750

0 5 5 4 4 2
0 88.750 208.100 204.450 742.500 407.500
0 3.992 1.702 1.288 8.985 1.768
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TABLE 9

95% Confidence Intervals for parameters in Models (3)

and (4)

1,odel Parameter Estimate Confidence Interval

(3. b .15 .09 to .24

b4 .71 3.56 to 6.23

b2  .78 .69 to .88

b .09 .05 to .160

b4 4.66 3.60 to 6.11

b2  .74 .65 to .84

b3 .97 .82 to 1.12
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Table 12: P-Values and Years From ANCOVA of Depth of Damage

Factor P-Value

NPOW (Covariate) .001 (Regression Coefficient=1.4'
PEAK POWER (PP) 02

TIME .001
PPxTIME .01

Means Adjusted Neans
PP

24 70.0 57.8
48 61.3 74.7

TIME

6 38.2 33.3
20 69.4 67.3
60 94.5 102.8
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Table 17: P-Values From ANOVA on 48 Kw 
Data

Factor ?-Value

PULSE WIDTH (PW) .001

POWER (POW) .001

TIME .001

FWxPOW .001

PWxTIME .001

POWxTIME .79

pwxPOWxTIME .007
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